Background: Click-evoked auditory brainstem responses (ABRs) are a valuable tool for probing auditory system function and development. Although it has long been thought that the human auditory brainstem is fully mature by age 2 yr, recent evidence indicates a prolonged developmental trajectory.
INTRODUCTION

S
ince Jewett and Williston first described the auditory brainstem response (ABR) (Jewett and Williston, 1971) , it has become a valuable tool for probing auditory system function and development. The ABR is used in clinical practice to assess hearing thresholds and the integrity of the auditory pathway across the lifetime. The response is reliable, easy to obtain, and objective (Hood, 1998) . Furthermore, the ABR can be used in cross-sectional and longitudinal studies to assess development of the auditory pathway.
ABRs may be elicited in response to many kinds of sounds, including clicks, tone bursts, chirps, speech, etc.; however, the click-evoked ABR is most commonly used in the clinic for broadly assessing hearing thresholds as well as neurodiagnostic testing (Stapells and Oates, 1997; Bauch and Olsen, 1986; Starr and Achor, 1975) . Synchronous firing of neurons along the auditory pathway in response to a stimulating sound generates the ABR. There are five primary waves in the click-evoked ABR, three of which (waves I, III, and V) are extremely reliable in humans. Wave I is generated by summed activity up to the distal portion of the auditory nerve (Møller and Jannetta, 1983) . Wave III originates predominately from the cochlear nucleus as well as the superior olivary complex (Moore, 1987) . Lastly, wave V arises largely from neurons spanning the lateral lemniscus and the inferior colliculus contralateral to the stimulated ear (Møller et al, 1995) and is the convergence of neuronal activity in the preceding structures. Thus, the interwave latency of waves I-V can be thought of as a measure of central conduction time between the auditory nerve and midbrain (Hood, 1998) .
Auditory structures generally mature in a caudal to rostral direction. Consequently, ABRs, measuring comparatively caudal stages of sound processing, are one of the first auditory evoked potentials (AEPs) to reach adult latency values (Hall, 2007) . Within the ABR itself, wave latencies decrease and approach adult values in a peripheral to central direction as well. Wave I is mature by 45-50 wk conceptional age (Eggermont and Salamy, 1988) . Historically, it has been reported that click-evoked waves III and V reach adult-like latencies by 2 yr (Hall, 2007; Gorga et al, 1989; Fria and Doyle, 1984; Moore et al, 1996) . However, newer research suggests a prolonged developmental time course (Khatoon et al, 2012; Coenraad et al, 2010; .
Although recent investigations have begun to look more closely at the developmental trajectory of clickevoked ABRs in young children, they lack the sample size to be precise within such a narrow age range as ages 3 and 4 yr, a critical time of language development (Chaney, 1992) . We conducted the present study to delineate the maturational time course of click-evoked ABRs within this age range, a maturational course that remains poorly understood in the extant literature.
MATERIALS AND METHODS
Participants
A total of 71 English-monolingual preschoolers between ages 3.12-4.99 yr (M 5 4.22 yr, SD 5 0.54 yr) participated in the study. All participants passed a screening of peripheral auditory function as determined by normal (Type A) results on tympanograms and distortion product otoacoustic emissions (DPOAEs) (.6 dB above the noise floor for 1000, 2000, 4000, and 8000 Hz), and had a replicable wave V click-evoked ABR. Inclusionary criteria included a normal IQ as measured by the WPPSI-IV (Pearson, Inc.) and no diagnosis of autism or history of neurologic disorders. There was a balanced number of boys (n 5 34) and girls (n 5 37) in the study (x 2 5 0.127, p 5 0.722), and there was no age difference between the genders [t (69) 5 0.014, p 5 0.989].
The Northwestern Institutional Review Board approved all study measures. Written informed consent and verbal assent were obtained from all parents or guardians and children, respectively. Participants were monetarily compensated for their time.
Stimulus and Recording
A 100-ms square wave click stimulus was used. Stimuli were presented monaurally via insert earphones (ER-3A, Etymotic Research, Inc.) to the right ear at 80.0 dB SPL (73 dB nHL). Clicks were presented in the rarefaction polarity at a rate of 31/sec. Rarefaction clicks were used because they have been known to produce shorter latencies and larger amplitudes, and disambiguate waves IV and V better than condensation clicks (Schwartz et al, 1990) .
The click-ABR collection lasted approximately 10 min. During the recording, participants sat either alone or on a parent's lap in a comfortable chair while watching a movie. ABRs were collected in a soundproof booth using the Bio-logic Navigator Pro AEP System (Natus Medical, Inc.) with three Ag/Cl-plated electrodes. A vertical montage was used with the noninverting electrode placed at the vertex and the inverting electrode on the ipsilateral ear. Recordings were grounded to the forehead. Electrode impedance was kept at less than 5 kΩ and interelectrode impedance was kept at less than 3 kΩ. Responses were filtered online using a 100-1500 Hz bandpass filter and were digitized at 24,015 Hz. The recording window was 0 to 10.65 msec. Trials with activity greater than 623.8 mV were considered artifact and were not included in the final average. Recording continued until 6,000 artifact-free trials were recorded, collected in three subaverages of 2,000 trials.
Data Analysis
Waves I, III, and V were manually identified using the AEP system by an experienced peak picker and were confirmed by a second rater blind to participant age. Waves were picked at the point with the highest amplitude (relative to the baseline) within the expected time window (Wave I: 1.2 to 2 msec; Wave III: 3.4 to 4.1 msec; Wave V: 5.2 to 6.2 msec); that is, the last data point before a change in slope. In cases where peak amplitude was equivalent at two adjacent data points, the earlier point was chosen. If the peak was broad (multiple adjacent data points at the peak amplitude), those points were bisected and the middle point was chosen. Peak identification on the 6,000-trial average waveform was confirmed using the subaverages as a reference for determining peak reliability. If any individual wave was not identifiable, it was excluded from the analyses. One participant had an unidentifiable wave I, which was excluded from the analyses. I-III and I-V interwave latencies were calculated by subtracting wave I latency from the wave III and V latencies, respectively; III-V interwave latency was calculated by subtracting wave III latency from wave V latency.
Statistical Analysis
All statistical analyses were performed using SPSS (version 21, IBM). Bivariate correlations between age and wave I, III, and V latencies, and I-V, I-III, and III-V interwave latencies were performed. A repeated-measures analysis of variance comparing the latencies and amplitudes between a group of the 20 oldest and 20 youngest participants was also performed. This analysis was also used to determine the effect of sex on latencies and amplitudes.
RESULTS
Absolute Latency
There were no effects of age on waves I [r (70) (Fig. 1) .
To further quantify this effect, we performed a repeatedmeasures analysis of variance with click wave (I, III, V) as the within-participant factor and age group as the between-participants factor on the 20 youngest (ages 3.12-3.84 yr) and 20 oldest (ages 4.67-4.99 yr) participants (Table 1) . There was a wave-specific effect of age (wave by age interaction), F (4,136) 5 2.721, p 5 0.032. Post hoc t-tests revealed an age group difference for wave V [t (38) 
Interwave Latency
After determining that wave I latencies remained constant through this age range, whereas wave III decreased minimally and wave V decreased significantly, we calculated the interwave latencies and correlated them with the age for the entire participant cohort. As expected, I-V interwave latency showed the greatest decrease due to development [r (70) shows a correlation between age and amplitude for any of the click-ABR waves, nor is there an interaction between amplitude and sex for any click-ABR wave.
DISCUSSION
Summary of Results
Our results indicate that wave V latency of the clickevoked ABR continues to shorten throughout the preschool years. Specifically, older children (closer to age 5 yr) had earlier wave V latencies than the younger children in our sample (age 3 yr). This developmental trend was not observed for wave I. Wave III, although not significant, did show a small trend of development, consistent with the view that AEPs develop in a caudal-to-rostral direction (Hall, 2007; Kaga and Tanaka, 1980; Ponton et al, 2000) . However, this finding diverges from the conventional wisdom that click ABR latencies mature by ages 2 or 3 yr (Eggermont and Moore, 2012; Moore et al, 1996) . For example, classic studies found that wave V was adult-like by ages 12-18 mo (Hecox and Galambos, 1974) and age 2 (Salamy, 1984) . Thus, it was presumed that latencies between age 2 yr and adulthood were stable because of a dearth of maturational studies of intervening ages. Here, we show evidence for a prolonged developmental time course of the click ABR (and, by extension, of the auditory brainstem) at least up until age 5 yr. The correlations between interwave latencies and age suggest that central conduction time, as measured by the I-V interwave latency, continues to develop throughout preschool.
For all three peaks, the amplitude did not relate to age; this may suggest that amplitudes have stabilized by age 3, or are too variable among individuals to discern an effect of age within this restricted range (Chiappa et al, 1979) . When looking at the role of sex, we find both males and females show earlier wave V latencies with increasing age.
Although we have found developmental differences between ages 3-5 yr, these findings are not a complete divergence from the traditional view of AEP maturation because mean latencies are within the range of expected values for adults (Hood, 1998) , suggesting that although latencies continue to decrease throughout preschool, they do increase again during later childhood to eventually converge with adult values . Given that our sample size was much larger than previous studies of this age group, we have identified latency differences that were potentially previously obscured by inter-participant variability in smaller datasets and by collapsing across this preschool age range. Because the present study is one of the first to focus solely on the preschool age range, it fills a gap in previous developmental studies of the ABR.
What mechanisms drive these developmental changes? One possibility is that children in this age range undergo variable rates of auditory system maturation, suggesting that the ABR reaches adult-like values for some, but not all, children by age 2 yr. We believe that this explanation is unlikely, however, because we observed a correlation between chronological age and wave V latency in addition to the absence of a correlation between age and waves I or III (see Fig. 2 ).
Instead, we believe that there is a prolonged period of maturation that extends throughout preschool years. Some structures, such as the cochlea, appear to be fully developed by birth (Pujol and Lavigne-Rebillard, 1992 ). However, our findings suggest that postnatal maturation of central structures in the brainstem may continue at least through the preschool years, potentially not reaching a developmental stabilization point until school age. We speculate that there may be a prolonged period of developmental plasticity in the lateral lemniscus and/or inferior colliculus that bears on ABR wave V latency. This mechanism could reflect a developmental increase in synchronous firing in the rostral brainstem with age. Additionally, increases in myelination of the auditory pathway may speed neural conduction, in addition to developmental changes of the top-down corticofugal network, which could also influence auditory processing in subcortical auditory centers.
Although our findings differ from conventional wisdom about the development of the ABR, they are, in fact, consistent with recent evidence suggesting continued brainstem development past age 2 yr (Mochizuki et al, 1983; Mochizuki et al, 1982; . For example, Coenraad et al (2010) fit a mathematical model to clickevoked ABRs from a wide age range (birth to age 4 yr) and found that waves III and V did not reach adult latency values until at least age 3 yr, and that population variability in wave V latency continued to decrease. Khatoon et al (2012) suggested that wave I is fully mature by age 3 yr, whereas wave V latency may not be mature until age 5 yr. Here, we document a similar developmental trajectory with a larger sample size.
These findings also support those of , who looked at ABR development from age 3 mo through 72 yr. They found that ABR wave V latencies decrease in childhood to earlier latencies than seen in adults, and then increase after age 8 yr to the adult range. However, because of the large number of participants in that study, 3-and 4-yr-olds were grouped together, and small incremental changes within this age range were not considered. Our results confirm the overall trend demonstrated in by showing that latencies are still decreasing during preschool. By zeroing in on the preschool age range, we are able to increase our resolution and offer further insights into auditory brainstem development. To more fully understand ABR development during preschool, it is important to also consider ABRs to other stimuli. One such evaluation is the ABR in response to complex sounds (cABR), which is a reliable measure across the lifespan that is meaningful on an individual basis (Skoe and Kraus, 2010) and can provide valuable insight into language skills, auditory processing, and past auditory experience (for review, see Kraus and Nicol, 2014) . cABR also has a prolonged developmental time course, with subcomponents of the response exhibiting distinct maturational trajectories . cABR is a tool that may be a useful adjunct in audiological assessment of central auditory processing. Taken together, it would appear that auditory brainstem function holds rich developmental information with clinical and theoretical implications that have only recently been recognized (White-Schwoch and Woodruff Carr et al, 2014) . Given our findings of changes between ages 3-5 yr, future work might examine age-related changes in the cABR, in addition to other AEPs, in preschoolers.
Future Directions and Recommendations
Although the current study delineates timing changes in the ABR occurring in the preschool time range, more information is needed to determine the developmental characteristics beyond 5 yr. Moreover, our results represent a cross-section of the preschool population. Longitudinal research tracking the same children across time, which is already underway in our laboratory, will help to explain the maturational changes happening on an individual basis. ABRs to lower intensity clickswhich are more commonly used to determine hearing thresholds-as well as stimuli such as chirps or tone bursts, should be studied as well to determine if they follow a similar developmental trajectory to click-evoked ABRs.
One methodological limitation is our use of a relatively narrow low-pass filter (1500 Hz), which produces broader peaks. A higher low-pass filter might have allowed for more precise latency calculations that would be useful in a longitudinal assessment. However, despite this limitation, we found a reliable effect of age and thus do not believe that the effects we report are an artifact of the filtering parameters.
These results have important implications for auditory scientists interested in development. By demonstrating continued maturation of ABR latencies during preschool, we elucidate a developmental trajectory of the auditory system that is more prolonged than previously thought. The results presented may be useful in the development of clinical evaluations as well. While our population was not a clinical population, we present a trend of development during an age range where ABR latencies are thought to be static. Researchers and clinicians alike should consider that the auditory brainstem and its cortical inputs are still under development at this age when developing and interpreting audiological assessments.
